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We investigate theoretically the magnetoplasmon (cyclotron) resonance in a hybrid system con-
sisting of spatially separated two-dimensional layers of electron and dipolar exciton gases coupled
via the Coulomb forces. We study the dynamics of this system under the action of weak alternating
external electromagnetic field in the presence of uniform magnetic field, perpendicular to the layers.
We reveal that the electromagnetic power absorption exhibits a double-resonance spectrum. We
show that the first resonance is associated with the conventional well-studied magnetoplasmon ex-
citations of the electron gas and it has a standard Lorentzian shape, whereas the second resonance
is a peculiarity attributed to the Bose-condensed exciton gas. Further, we explicitly demonstrate
that the spectrum of the system exhibits an asymmetric Fano-type profile, where the excitonic peak
is extremely narrow in comparison with the magnetoplasmon one. We show that the shape of the
resonance and the position of the peaks depends on the magnitude of the applied magnetic field,
exciton condensate density and exciton-impurity scattering time. In particular, the Fano profile
turns into a Lorentzian shape with decreasing exciton-impurity scattering time and the position of
the plasmon-associated resonance is mainly sensitive and determined by the magnetic field strength,
whereas the exciton-condensate peak position is determined by exciton condensate density. It opens
the experimental possibility to determine the latter quantity in cyclotron resonance experiment.
PACS numbers: 76.30.-v,71.35.Gg,71.36.+c
Introduction.— Hybrid Bose-Fermi systems represent
a testbed for studying many-body phenomena and a
promising platform for future applications [1]. In cold
atomic gases, recent research has been concentrated on
study devoted to the Feshbach resonance phenomena [2–
5] and aimed at tuning the strength of two-particle in-
teraction between atoms leading to new types of phase
transitions [6, 7]. In the solid-state, Bose-Fermi mix-
tures are usually studied employing exciton or exciton-
polariton gases [8] which represent Bose-Einstein conden-
sates [9, 10] (BECs) interacting with either electrons and
holes coexisting in the same layers or neighbouring two-
dimensional layers containing electronic gases (2DEG).
In particular, it has been demonstrated that the inter-
action between a 2DEG and the indirect excitons can
lead to the formation of the so-called excitonic supersolid
phase [11, 12].
One of the possible physical realisations of Bose-Fermi
systems is a semiconductor heterostructure, where the
bosonic subsystem is represented by excitons localised in
a quantum well (QW) or double quantum well (DQW)
and fermions are a 2DEG in a parallel QW. In the lat-
eral (let it be xy) plane, both the excitons and electrons
can propagate freely. Their motion, self-interaction and
exciton-electron interaction result in the possibility for
each sort of particles to propagate along different paths
which, in order, can interfere between each other. In
the case of the constructive interference, it is reasonable
to assume that we can achieve enhancement phenomena
and emergence of resonant effects. Instead, destructive
interference might result in the suppression of the par-
ticle transport [13, 14]. In this article we are aiming at
checking this assumption. In particular, we are interested
in the Fano resonance phenomena which is known to be
a general type of a resonance and it can be observed in
the case of paths interference [15]. The Fano resonance
is conventionally characterised by a peculiar asymmetric
profile of the spectral line. In particular, it usually con-
sists of two peaks and one dip. One of the peaks lies in
a close proximity to the dip, manifesting coexistence of
resonant transmission and reflection in the system.
Theory of the magnetoplasmon resonance.— We con-
sider a system which represents two parallel layers of elec-
trons and excitons, see Fig. 1. Electrons occupy the QW
and form a 2DEG. The excitons are considered to be rigid
dipoles, having their dipole moment oriented perpendic-
ular to the plane of the layers containing the DQW and
moving freely as a whole within. We assume that the ex-
citon internal degrees of freedom are not excited by the
external applied EM field or temperature, thus we con-
sider a zero-temperature case when the quantum effects
manifest themselves most clearly. The uniform magnetic
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FIG. 1: System schematic. Excitons are localized in the dou-
ble quantum well (DQW) structure formed by two layers con-
taining electrons and holes and separated by distance d. Two
dimensional electron gas (2DEG) is localized in other QW
separated from the DQW by the distance a. External applied
magnetic field oriented perpendicular to the layers.
field is directed along the growth axis of the structure,
thus it is oriented perpendicular to the electronic and
excitonic layers. We will also assume that the magnetic
field is weak and thus it cannot affect the exciton center-
of-mass motion. In contrast, it can substantially affect
the motion of electrons.
Such external EM field, E(r, t) = (E0, 0, 0)e
ikr−iωt,
with the electric field component lying in the plane of
the QW, produces deviations of the electronic density
from its equilibrium value, δn(r, t) = n(r, t)− n0, where
r is a vector coordinate in the QW plane, and k is the
in-plane wave vector. In typical experimental structures
used to excite 2D plasmons, such a field can be created
by laminating a metallic grating above the electron layer.
We assume that EM field does not interact with the exci-
tons directly, nevertheless, the exciton gas density can be
influenced by the field via the interaction with electrons,
that we will show below.
Dynamics of the electron density can be described by
the continuity equation, ρ˙+ div j = 0, giving the relation
between the Fourier components:
δnkω = − k
eω
jkω, (1)
where we assume that the vector k is directed along the
‘x’ axis. Further we use the Ohm’s law,
jkω = σB
(
E0 − 1
e
Fkω
)
, (2)
where σB is the ‘xx’ component of the conductivity ten-
sor in a magnetic field, Fkω is the ‘x’ component of the
applied force, F(r, t), which has two contributions: the
first one is coming from the electron-electron interaction
and the second one is due to the electron-exciton inter-
action. Using the general relation between a force and
the potential energy, F(r, t) = −∇W (r, t), we find:
Fkω = −ik(Ukδnkω + VkδNkω), (3)
where
Uk =
2pie2
k
, Vk =
2pie2
k
(
1− e−kd) e−ka (4)
are well-known electron-electron and electron-exciton in-
teraction energies, respectively,  is the dielectric con-
stant. The fluctuating exciton density in the excitonic
BEC, δNkω, can be found from the dynamical equations.
The elementary excitations of the Bose-condensed sys-
tem represent Bogoliubov quasi-particles, also referred
to as bogolons. An explicit form of the dispersion law
of bogolons depends on the model used to describe the
interacting exciton system. In the case of small exciton
density, N0a
2
B  1, where aB is the Bohr radius, an ap-
propriate theoretical model is the Bogoliubov model of
weakly-interacting Bose gas. In the framework of this
model, the dispersion law of elementary excitations has
the form: εk =
√
k2
2M
(
k2
2M + 2g0nc
)
. Here, nc is exciton
density in the condensate, g0 is exciton-exciton interact-
ing constant which can be estimated as g0 ≈ 4pie2d/,
and M is the exciton mass. In the long-wavelength limit,
k2
2M  2g0nc, elementary excitations represent the sound
quanta, εk ≈ sk, where s =
√
g0nc/M is their velocity.
Further, in order to find the response function of the
condensate, we use the Gross-Pitaevskii equation:
i∂tΨ(r, t) =
(
(~kˆ)2
2M
− µ+ g0|Ψ(r, t)|2
)
Ψ(r, t)+ (5)
+Ψ(r, t)
∫
dr′V (r− r′)δn(r′, t),
where the last term describes electrostatic interaction of
excitons with the fluctuating electron density. We will
treat it here as a perturbation, within the linear response
approach. The wave function of the condensed particles,
Ψ(r, t), can be split into the stationary uniform part and
the perturbed contribution: Ψ(r, t) =
√
nc+ψ(r, t). Fur-
ther, the response function of the condensate excitons,
Pkω, can be defined as
δNkω = PkωVkδnkω, (6)
where δNkω =
√
nc(ψ
∗(r, t)+ψ(r, t)) is a perturbation of
the condensate particle density. Then, the linearization
of (5) gives:
Pkω =
nck
2/M
(ω + iδ)2 − ε2k
. (7)
It should be noted, that simple consideration described
above disregards the processes of exciton scattering on
impurities, developed in [16, 17].
In our recent work [18], it has been demonstrated that
the exciton-impurity scattering results in the finite value
of the lifetime of the bogolons, εk = sk − iγk, where
γk =
1
τX
(kξ)3 (8)
under the assumption kξ  1. Here τX is exciton-
impurity scattering time in normal exciton gas state and
3FIG. 2: Dispersion curves of the hybrid plasmon-exciton
modes at two different values of the Bogoliubov sound ve-
locity. The vertical dotted line stands for k = 4.2 · 104cm−1,
see main text.
ξ = 1/2Ms is the healing length. Thus, the response
function, Eq. (7), should be modified according to the
substitution: δ → γk.
Combining Eq. (6) together with Eqs. (1), (2), (3) and
defining the renormalised conductivity as jkω = σ˜kωE0
yields:
σ˜kω =
1
σ−1B + i
k2
e2ω [Ukω + V
2
kωPkω]
, (9)
σB = σ0
i(ωτe + i)
(ωτe + i)2 − ω2cτ2e
,
where ωc = eB/mc is electron cyclotron frequency, τe
is electron relaxation time, and σ0 = e
2n0τe/m is static
Drude conductivity of electron gas. Now we can find the
EM power absorption as the real part of the conductivity:
Pkω =
1
2
E20 Re σ˜kω. (10)
It is obvious, that due to the Coulomb interaction be-
tween excitons and electrons, new hybrid modes appears,
describing the joint oscillation of exciton and electrons
densities. The dispersion law of these new modes can be
easily determined by the poles of the renormalized con-
ductivity, σ˜−1kω = 0. In the limit of large relaxation times,
τe, τX → ∞, the renormalized conductivity poles satisfy
the equation:(
ω2 − ω2p
) (
ω2 − ε2k
)− β2k = 0, (11)
where magnetoplasmon dispersion is given by ωp =√
ω2c + ω
2
k and ω
2
k = 2pie
2n0k/m is a plasmon disper-
sion of the 2D electron gas and the coupling parameter
reads:
βk = ω
2
k
√
mnc
Mn0
(
1− e−kd) e−ka.
Solution of Eq. (11) gives the dispersion of two new den-
sity oscillation modes:
ω21,2 =
1
2
(
ω2p + ε
2
k
)± 1
2
√(
ω2p − ε2k
)2
+ 4β2k. (12)
Figure 2 demonstrates the dispersion law of these new
modes calculated at two different values of bogolon phase
velocity, s.
Results and Discussion.— Let us investigate the prop-
erties of the power absorption function. In the calcu-
lations we use the following parameters: d = 10−6 cm,
a = 10−5 cm, k = 4.2 · 104 cm−1, and σ0 = 3.2 · 10−5
cm/s.
Figure 3 demonstrates the power absorption spectrum
of the system with emergence of the Fano resonance. In-
FIG. 3: Manifestation of the Fano resonance in the hybrid
electron-exciton system presented in Fig. 1. The power ab-
sorption (See Eq. (10)) as a function of frequency for the
increasing s from (a) to (c) for τX = 10
−8 s (red solid curves)
and τX = 5 · 10−10 s (blue dashed curves). The positions of
the resonances at the top and bottom panels correspond to
the values of excion-plasmon modes taken at k = 4.2 · 104
cm−1 in Fig. 2
4FIG. 4: The power absorption spectrum calculated using
Eq. (10) for different values of τX in the range of high ωτe
(s = 6.9 · 105 cm/s is the same as in Fig. 3c).
creasing the velocity of the Bogoliubov excitations, s,
we shift the Fano resonance in frequency. In particular,
Figs. 3a,c correspond to the celebrated asymmetric Fano
profiles, whereas Fig. 3b corresponds to the symmetric
configuration. It should also be mentioned, that the mu-
tual disposition of the peaks and the dip of our asym-
metric resonance is changed from Figs. 3a to Figs. 3c.
Figure 4 shows the power absorption spectrum in the
log scale for a fixed value of s = 6.9 · 105 cm/s (corre-
sponding to Fig. 3c) and different values of the impurity-
mediated scattering rates. The frequency range is re-
stricted to the high-ω region corresponding to the second
peak in Fig. 3c. It is clearly seen that with the increase
of the excitonic impurity-mediated lifetime (which corre-
sponds to the decrease of the influence of the impurity-
assisted scattering), the resonant peak becomes more
Fano-like and we observe the emergence of a dip in the
power absorption spectrum around ωτe = 29.
Figure 5 explains the dependence of the power absorp-
tion coefficient on the magnitude of the external applied
magnetic field presented in units of ωcτe. The increase
of the magnetic field (ωcτe) gives a similar effect as the
increase of s (see also Fig. 2). However, it should be no-
ticed, that the position of the magnetoplasmon resonance
is determined by the magnetic field strength, whereas the
Fano-type resonance coming from the exciton subsystem
is determined by the Bogliubov sound velocity, s (com-
pare Figs. 3 and 5). The latter, in turn, is determined
by the exciton condensate density since s ∼ √nc. These
dependencies can, for instance, be used to experimen-
tally control the spectral properties of the system under
consideration.
It is also important to mention, that if it happens that
the plasmon modes are strongly damped, then their dis-
persion branches turn into the electron-hole continuum.
Thus, in order to observe the predicted effect, it is cru-
cial that the following inequality holds: s > vF , where vF
is the Fermi velocity of the electron gas. This inequal-
ity can always be satisfied at typical exciton densities
1010 ÷ 1012 cm−2 used in modern experimental DQW
FIG. 5: Magnetic field effect. Power absorption spectrum at
s = 7 · 105 cm/s and different values of magnetic field, ωcτe.
Compare the alteration of the spectra caused by the influence
of the magnetic field and the increase of the bogolon velocity
(see Fig. 3)
structures.
Conclusions.— We have developed a microscopic the-
ory of magnetoplasmon resonance in a hybrid structure
consisting of interacting electron and dipolar exciton
gases. We show that the Coulomb interaction between
them results in hybridisation of the density waves of both
the subsystems with the appearance of new double-peak
dispersion. We attribute the emergence of this hybrid
mode to the cyclotron resonance effect. It has also been
shown that the power absorption spectrum demonstrates
several interesting features, in particular, the Fano-type
shape of the resonance in relatively pure samples. We
expect that these new modes can be easily found exper-
imentally by well developed techniques, used in study of
plasmons in low-dimensional nanostructures.
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